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matical  model  of  the  spine  was  exercised  to  identify  mechanisms  of  neck  injury 
due  to  hyperflexion.  Loss  of  pilots  due  to  ditching  at  sea  was  one  of  the  moti- 
vations for  this  study.  It  was  found  that  helmets  have  the  potential  of  increas- 
ing Injury  severity  particularly  during  a combined  +GZ  and  -Gx  impact,  with  the 
pulses  coincident  in  time.  The  four  parameters  that  are  potentially  injurious  are 
neck  shear,  chin-chest  contact  force,  odontoid  process  excursion  into  the  spinal 
canal  and  spinal  cord  stretch. ^ 
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motivations  for  this  study.  It  was  found  that  helmets  have  the  potential  of  increasing 


injury  severity  particularly  during  a combined  +GZ  and  -Gx  impact,  with  the  pulses  coincident 
in  time.  The  four  parameters  that  are  potentially  Injurious  are  neck  shear,  chin-chest 
contact  force,  odontoid  process  excursion  into  the  spinal  canal  and  spinal  cord  stretch. 


1 . INTRODUCTION 

Hyperextens ion  injuries  of  the  neck  have  been  extensively  studied  as  a result  of  the 
cotmnon  'whiplash'  syndrome.  However,  neck  injuries  due  to  head  motion  are  not  restricted 
to  this  mechanism.  Ewing  and  Thomas  (1)  have  conducted  studies  on  head  and  neck  kinematics 
during  hyperflexion,  using  living  human  volunteers.  Mertz  and  Patrick  (2)  have  used  both 
volunteers  and  cadavers  to  establish  the  strength  and  response  of  the  human  neck.  They 
provided  a response  envelope  for  both  flexion  and  extension.  Hyperflexion  injuries  of  the 
neck  have  been  sustained  by  automobile  crash  victims  involved  in  frontal  collisions  (-G* 
acceleration),  as  reported  by  Patrick  and  Andersson  (3).  The  problem  of  ditching  fatalities 
was  reported  by  Wolff  et  al  (4).  Navy  pilots  who  miss  the  carrier  deck  and  ditch  in  full 
view  of  the  carrier  were  unable  to  eject  and  were  lost  along  with  the  aircraft.  They  were 
apparently  concussed  although  there  was  no  evidence  of  direct  head  impact  with  the  aircraft 
interior.  In  addition,  protective  helmets  were  worn.  This  is  a cursory  review  of  the  neck 
injury  problem  and  points  to  the  need  for  a deeper  understanding  of  the  mechanisms  involved 
and  the  eventual  establishment  of  a set  of  injury  criteria  for  the  neck. 

This  paper  is  concerned  with  a parametric  study  of  neck  response  using  a validated 
mathematical  model  of  the  head  and  spinal  column  developed  by  Tennyson  and  King  (5) . The 
purpose  of  the  investigation  is  to  quantify  certain  kinematic  and  kinetic  variables  which 
can  cause  injury  to  the  central  nervous  system  (CNS)  but  are  not  currently  identifiable 
from  experimental  studies  using  other  forms  of  human  surrogates.  One  of  the  principal 
variables  is  the  helmet  which  increases  the  mass  and  mass  moment  of  inertia  of  the  head 
and  is  not  usually  worn  by  civilians  involved  in  automobile  accidents.  The  effects  of  a 
combined  +0Z  and  -Gx  impact  were  analyzed  using  a triangular  10-g  pulse  for  each  direction 
of  impact.  The  relative  time  of  occurrence  of  the  2 peak  acceleration  was  varied  to 
demonstrate  differences  in  response.  The  principal  dependent  variables  of  this  study  are 
neck  shear  and  moment,  head  linear  and  angular  acceleration  and  displacement,  odontoid 

frocess  motion  into  the  spinal  canal,  stretch  of  the  cervical  cord  and  chin-chest  contact 
orce. 

2.  MATHEMATICAL  MODELS  OF  THE  SPINE 

In  a recent  survey  of  mathematical  models  simulating  impact  of  biomechanical  systems, 
King  and  Chou  (6)  cited  a variety  of  lumped  and  discrete  parameter  models  as  well  as  con- 
tinuum models  of  the  spine.  Developments  subsequent  to  this  survey  include  the  introduction 
of  three  dimensional  models  by  Schwer  (7)  and  the  simulation  of  muscular  response  Huston 
and  Advani  (8)  proposed  a head  and  neck  model  which  consisted  of  the  head,  7 cervical 
vertebrae  and  the  torso.  It  was  validated  against  experimental  data  obtained  by  Ewing  and 
Thomas  (1)  who  subjected  human  volunteers  to  -Gx  acceleration  impacts  on  a horizontal  sled. 
The  correlation  was  very  good.  Muscle  action  was  included  in  the  model  but  neuromuscular 
delay  was  not  properly  simulated.  There  was  no  muscle  force  for  the  first  100  ms  and  there- 
after it  was  an  instantaneous  function  of  stretch  and  stretch  rate.  Pontius  and  Liu  (9) 
formulated  a head  and  neck  neuro-muscular  model  from  the  model  by  Orne  and  Liu  (10) . The 
muscle  configuration  consisted  of  active  elements  between  adjacent  vertebrae  and  there 
were  no  muscles  which  spanned  more  than  one  disc  space.  Muscle  force  was  assumed  to  be 
function  of  stretch  only  and  the  delay  was  simulated  properly  by  storing  the  stretch  infor- 
mation for  a predetermined  delay  period  of  40  to  80  ms.  There  was  also  a muscle  activation 
level  to  simulate  a tensed  or  relaxed  state.  The  model  was  exercised  to  simulate  a mild 
'whiplash'  but  model  results  were  not  compared  with  any  experimental  data. 

Tennyson  and  King  (5)  proposed  a biodynamic  model  of  the  spine  to  simulate  the  action 
of  the  spinal  musculature  on  a discrete  parameter  vertebral  column  model  conceptually  sim- 
ilar to  the  one  developed  by  Prasad  and  King  (11).  It  is,  thus,  a two-dimensional  model 
which  can  simulate  motion  of  the  head,  the  pelvis  and  the  24  vertebrae  in  the  mid-sagittal 
plane.  Each  segment  was  treated  as  a rigid  body  and  was  assigned  to  carry  a portion  of 
the  torso  weight  which  was  eccentric  with  respect  to  the  centerline  of  the  spine  The 
rigid  bodies  assumed  a trapezoidal  shape  and  were  arranged  to  simulate  the  spinal  curvatures 
aa  closely  as  possible.  The  dual  load  path  through  the  spinal  column  was  modelled  by 
treating  the  intervertebral  discs  and  posterior  vertebral  structure  as  massless  deformable 
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elements.  The  disc  Is  an  elastic  element  capable  of  simultaneously  resisting  axial  and 
■hear  loads  and  bending  moments.  The  posterior  vertebral  structure  (facets)  was  taken  to 
be  a spring  element  which  could  transmit  axial  and  shear  forces.  Auxiliary  forces  were 
added  to  the  appropriate  vertebrae  to  simulate  external  contact  forces,  such  as  loads  due 
to  the  shoulder  harness,  the  lap  belt  and  the  seat  back.  It  was  also  possible  to  simulate 
chin-chest  contact. 

The  principal  muscles  represented  In  the  model  are  the  postero- lateral  musculature  of 
the  spine.  These  Include  the  deep  musculature  which  is  divided  Into  three  longitudinal 
muscle  masses,  each  comprising  many  overlapping  fascicles  The  deepest  and  most  medial 
muscle  group  la  the  transversospinalls  system,  consisting  of  the  lntersplna 1 Is . restores, 
multlfldus,  spinalis,  semi-spinal  is  and  semisplnalis  capitis  The  longissimus  system  is 
lateral  to  the  transversospinalls  system  and  consists  of  overlapping  fascicles  extending 
from  all  the  vertebrae  to  the  head  The  longls  iIp-,.8  thoracis  and  lumborum  are  the  strongest 
muscles  of  the  trunk  having  their  origin  at  the  iliac  crest  of  the  pelvis  and  insertions  In 
all  the  lumbar  and  thoracic  vertebrae  The  longissimus  cervlcls  and  capltas  are  continu- 
ations of  the  longissimus  thoracis,  having  their  Insertions  in  the  cervical  vertebrae  and 
on  the  mastoid  part  of  the  temporal  bone  The  llllocostal Is  system  Is  lateral  most  with  Its 
caudal  fascicles  originating  on  the  ilium  and  cranial  fascicles  extending  to  the  seventh 
cervical  vertebra. 

The  following  assumptions  were  made  in  the  development  of  muscle  model: 

(a)  All  load  transmitting  (passive)  elements  in  the  posterior  structure  of  the  spine 
Including  the  passive  component  of  muscle  were  Included  In  the  facet  model  That  Is, 
in  compression  the  'facet'  represented  facet  joint  and  spinous  process  interaction. 

In  tension,  the  facet  model  simulated  the  action  of  the  facet  joints,  spinous  ligaments 
and  passive  muscle  components. 

(b)  The  active  mode  elements  for  force  generators  linked  vertebra  to  vertebra  posteriorly 
and  were  essentially  In  parallel  with  the  facets. 

(c)  The  muscle  contractile  force  was  taken  to  be  a linear  function  of  stretch  and  stretch 
rate. 

(d)  The  transversospinalls  system  was  represented  by  the  active  elements  which  linked 
adjacent  vertebra. 

(e)  The  longissimus  and  lliocostalis  systems  were  represented  by  a 'linked'  muscle  system 
with  an  insertion  at  every  vertebral  level  and  the  head.  The  contractile  force  was 
based  on  a summation  of  the  activity  in  the  individual  active  elements.  This  muscle 
system  was  anchored  inferlorly  in  the  pelvis. 

(f)  A numerical  scheme  was  developed  to  store  Che  activity  of  each  contractile  element 
for  subseqent  recall  so  that  a variable  neural  time  delav  of  up  to  100  ms  could  be 
simulated. 

(g)  As  the  predominant  passive  response  of  the  spinal  column  was  one  of  flexion  during 
-Gx  acceleration,  only  the  extensor  half  of  the  spinal  musculature  was  modelled. 

(h)  Muscular  tetany  was  represented  by  setting  a maximum  allowable  force  developable  by 
any  particular  muscle. 

(i)  Neural  activity  was  confined  to  the  'stretch  reflex'  phenomenon  and  the > -efferent 
effect  remained  constant. 

It  was  shown  by  Tennyson  and  King  (5)  that  this  model  simulated  very  well  the  head 
and  neck  response  of  a living  human  subject  who  was  subjected  to  a -Gx  acceleration  of  8.1  g. 
The  data  were  acquired  by  Ewing  and  Thomas  (1)  and  the  input  pulse  was  sled  acceleration, 
necessitating  the  use  of  the  entire  spine  in  the  model.  In  a second  paper  by  Tennyson  and 
King  (12),  it  was  exercised  to  reproduce  a -Gx  acceleration  of  5.7  g on  the  same  subject 
to  demonstrate  its  repeatability.  For  the  same  model  constants  and  spinal  geometry,  the 
results  of  the  model  agreed  well  with  experimental  data.  Due  to  t.ie  lack  of  flexors  in  the 
neck,  the  results  are  only  valid  for  the  first  240  ms  during  which  most  of  the  injury  would 
have  occurred.  Furthermore,  this  model  was  validated  against  cadaveric  data  for  +GZ  accel- 
eration by  Prasad  and  King  (11),  using  a version  with  no  muscular  response. 

This  model  possesses  sufficient  flexibility  for  the  parametric  study  outlined  above. 

The  input  data  set  was  modified  to  accept  a helmeted  head  and  the  model  was  used  to  simulate 
a ditching  impact  involving  a combined  4-Gz  and  -Gx  acceleration.  The  peak  g- level  was 
restricted  to  10  g so  as  not  to  overwhelm  completely  the  muscular  response  of  the  model. 

The  weight  of  the  helmet  was  assumed  to  be  13.3  N (3  lb)  and  the  combined  mass  moment 
of  inertia  about  the  lateral  centroidal  axis  was  computed  to  be  11.55X10"’  kg-m*-  (164.18  lb- 
si/in)  by  assuming  that  the  helmet  to  be  a spherical  shell.  The  corresponding  mass  moment 
of  inertia  for  the  head  above  was  taken  to  be  7.66X10~3  kg-m*2  (108  81  lb-s^/in).  The 
shift  in  the  center  of  gravity  due  to  the  helmet  was  12.7  mm  anteriorly.  Several  runs  were 
also  made  with  a cephalad  shift  of  12.7  mm. 


3 . RESULTS 

The  input  pulse  for  a combined  +GZ  and  -Gx  impact  is  shown  in  Figure  1.  The  simulation 
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■tarted  20  ms  before  onset  of  acceleration  and  the  peaks  of  the  triangular  pulses  were 
assumed  to  occur  simultaneously  (Cate  1)  or  one  peak  preceded  the  other  by  50  ms,  (Cases 
2 and  3).  The  magnitude  of  both  peaks  was  10  g and  the  duration  of  each  pulse  was  200  ms. 
The  rate  onset  was  200  g/s.  The  three  Impact  conditions  are  Identified  as  follows: 


Case  No. 


Symbol 


Condition 


1 

2 

3 


TOGETHER  Simultaneous  +GZ  and  -Gx  Impact 

Z THEN  X +Gz  impact  occurring  50  ms  before  the  -Gx  Impact 

X THEN  Z -Cx  Impact  occurring  50  ms  before  the  +GZ  impact 


The  subject  was  assumed  to  be  In  a seated  position  restrained  by  a full  military 
harness  consisting  of  a lap  belt  and  an  lnverted-Y  shoulder  belt.  The  pelvis  was  subjected 
to  the  Impact  pulse  shown  In  Figure  1 and  the  resulting  response  of  the  head  and  neck  Is 
analyzed  for  possible  injury  mechanisms.  The  helmet  is  assumed  to  cause  a 12.7  ms  anterior 
shift  of  the  head  center  of  gravity. 


Figure  2 through  4 show  spinal  kinematics  for  a helmeted  head  for  the  3 Impact  con- 
ditions. They  show  the  initial  spinal  shape  (dotted  line)  and  that  for  extreme  forward 
flexion  at  the  time  indicated  on  the  figure  (solid  line),  describing  qualitatively  the 
extent  of  the  vertical  and  horizontal  displacement  of  the  head  as  well  as  that  of  Its 
rotation  relative  to  Tl  or  the  Inertial  reference  frame.  The  corresponding  spinal  shapes 
for  the  case  without  a helmet  are  shown  In  Figures  5 through  7.  It  Is  seen  that  maximum 
hyperflexion  Is  attained  in  Case  3.  with  or  without  a helmet. 


Quantitative  data  are  provided  In  terms  of  time  history  plots  of  the  various  parameters 
that  can  produce  injury.  A set  of  8 plots  for  the  case  of  simultaneous  +G-  and  -Gx  peaks 
(Case  1)  is  shown  in  Figure  8 through  15.  In  each  figure,  the  effect  of  the  helmet  is 
demonstrated.  The  peak  value  for  disc  shear  at  C1/C2  is  doubled  due  to  the  helmet,  as 
shown  in  Figure  8.  There  is  a double  contact  of  the  chin  with  the  chest,  as  shown  in 
Figure  9.  The  increase  in  chin-chest  force  due  to  the  helmet  is  approximately  307.,  Figure 

10  shows  the  vertical  acceleration  of  the  head  relative  to  the  inertial  reference  frame. 

The  large  positive  values  coincide  with  chin-chest  contact  and  the  increase  in  peak 
acceleration  is  also  approximately  307..  In  view  of  the  fact  that  the  helmet  causes  an 
Increase  in  the  mass  moment  of  inertia  of  the  head,  the  angular  acceleration  of  the  head 

is  reduced  when  a helmet  is  worn.  This  is  shown  in  Figure  11.  The  horizontal  displacement 
of  the  head  is  not  affected  by  the  helmet  as  shown  in  Figure  12  but  the  vertical  displacement 
is  substantially  increased  as  shown  in  Figure  13.  Since  the  magnitude  of  head  acceleration 

11  relatively  low,  other  causes  of  concussion  are  examined.  Fielding  (13)  has  stated  that 
the  motion  of  the  odontoid  process  into  the  spinal  canal  is  a possible  cause  for  spinal 
cord  injury.  Figure  14  shows  the  extent  of  this  excursion.  It  is  less  than  3 mm  without 
the  helmet  and  over  6 mm  with  the  helmet.  Another  possible  source  of  injury  to  the  CNS  is 
spinal  cord  stretch  which  was  demonstrated  in  cats  by  Frlede  (14) . Figure  15  compares  the 
stretch  of  the  cervical  cord  and  shows  a 197.  increase  due  to  the  helmet.  The  simultaneous 
occurrence  of  the  peaks  for  the  +GZ  and  -Gx  acceleration  appears  to  cause  a large  percentage 
increase  in  disc  shear,  chin-chest  contact  force,  vertical  head  acceleration,  vertical  head 
displacement  odontoid  process  motion  and  spinal  cord  stretch.  For  the  other  two  cases  in 
which  the  peaks  are  separated  by  a 50-ms  duration,  the  increase  in  the  quantities  are  less 
pronounced  or  non-existent.  When  the  -Gx  acceleration  peak  precedes  that  of  the  +GZ 
acceleration  (Case  3) , there  is  very  little  change  in  disc  shear  at  C1/C2  (Figure  16) , chin- 
chest  contact  force  (Figure  17),  odontoid  process  motion  (Figure  18)  and  cervical  cord 
stretch  (Figure  19).  The  corresponding  curves  for  Case  2,  in  which  the  -t-Gz  acceleration 
pulse  precedes  the  -Gx  pulse  by  50  ms,  are  shown  in  Figures  20  through  23.  The  helmet 
causes  a slight  increase  in  these  parameters. 


The  three  impact  cases  can  also  be  compared  simultaneously.  Figures  24  and  25  show 
cervical  cord  stretch  for  the  helmeted  and  unhelmeted  head  respectively.  It  is  moat  severe 
in  Case  1 with  helmet  and  in  Case  2 without  helmet.  The  corresponding  curves  for  odontoid 
process  motion  are  shown  in  Figures  26  and  27.  The  displacement  is  most  pronounced  for 
Case  1 with  or  without  helmet. 

Table  1 summarizes  the  peak  values  of  11  parameters  for  all  3 impact  cases,  with  and 
without  helmet.  The  disc  and  facet  shear  force  are  at  the  level  of  C1/C2.  The  rotation 
of  the  head  is  with  respect  to  Tl  and  the  negative  sign  represents  a relative  clockwise 
rotation.  All  maximum  values  given  in  this  table  occurred  at  or  before  240  ms  of  simulation. 


If  the  combined  center  of  gravity  of  the  head  and  helmet  was  assumed  to  be  shifted 
caudally  by  12.7  mm,  the  change  in  injury  parameters  was  surprisingly  less  severe,  as  shown 
In  Table  2.  For  Case  1,  there  was  an  increase  in  head  rotation  with  respect  to  Tl  in 
comparison  w? th  the  coresponding  value  for  an  anterior  shift  in  the  center  of  gravity. 

Head  displacement  also  increased  but  all  other  values  were  lower.  In  the  other  2 cases, 
there  was  also  more  head  rotation  but  the  other  parameters  were  not  altered  significantly 
in  comparison  with  the  corresponding  values  in  Table  1.  For  the  helmeted  head,  conditions 
•re  generally  most  severe  for  Case  1 when  the  2 pulses  are  coincident.  However,  the  chin- 
chest  contact  force  is  highest  in  Case  2 and  spinal  cord  stretch  is  the  largest  in  Case  3. 


4.  DISCUSSION  AND  CONCLUSIONS 


Spinal  cord  injury  has  been  identified  as  a possible  cause  of  concussion  when  there  is 
no  direct  head  Impact.  The  involvement  of  the  CNS  precludes  the  use  of  human  volunteers  or 
cadaveric  subjects.  Anthropomorphic  and  species  differences  render  the  results  of  animal 
testing  somewhat  uncertain.  An  attempt  has  been  made  to  demonstrate  possible  mechanisms  of 
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Injury  using  the  mathematical  model  as  a human  surrogate.  The  model  has  been  validated 
against  human  volunteer  and  cadaveric  data  and  Is  expected  to  yield  reasonable  results. 
However,  Its  results  are  always  subject  to  experimental  verification. 

A comparison  of  3 Impact  cases  with  and  without  helmet  was  made  using  a 2-dlraensional 
model  of  the  spine.  The  same  model  constants  were  used  for  all  runs  and  changes  in  response 
could  be  considered  as  more  reliable  than  absolute  values.  The  combined  +GZ  and  -Cx  Impact 
acceleration  pulse  was  used  primarily  to  simulate  a ditching  at  sea.  during  which  It  Is 
possible  to  have  the  pulses  occur  simultaneously  or  one  before  the  other.  A hypothetical 
profile  was  selected  and  a rather  low  peak  acceleration  was  assumed  so  as  not  to  overwhelm 
completely  all  passive  muscular  response. 

• In  general,  the  helmet  increased  the  disc  and  facet  shear  forces,  resulting  in  an 
increased  displacement  of  the  odontoid  process  into  the  spinal  canal.  There  was  also  a 
general  increase  In  spinal  cord  stretch,  chin-chest  contact  force  and  head  displacement. 

Head  angular  acceleration  showed  a significant  decrease.  Conditions  were  most  severe  when 
the  +Gj  and  -Gx  pulses  coincided  in  time  and  when  the  helmet  was  worn.  Spinal  cord  stretch 
was  over  40  mm  with  or  without  helmet  for  Case  3,  in  which  the  -Gx  pulse  preceded  the  +C2 
pulse.  The  corresponding  values  for  Case  2 were  much  lower. 

An  anterior  shift  of  12.7  mm  in  the  center  of  gravity  due  to  the  helmet  is  apparently 
less  desirable  than  a cephalad  shift  of  the  same  magnitude.  There  was  less  stretch  in  the 
cervical  cord  and  the  maximum  displacement  of  the  odontoid  process  was  approximately  the 
same  for  all  3 cases  with  helmet. 

In  conclusion,  this  parametric  study  has  identified  some  possible  mechanisms  of  injury 
to  the  cord  during  hyperflexion  of  the  neck  It  has  also  facilitated  future  experimental 
studies  by  pointing  out  the  conditions  that  are  likelv  to  be  most  hazardous.  The  helmet 
has  the  potential  of  increasing  injury  severity,  particularly  when  the  two  pulses  are 
coincident  in  time.  The  four  parameters  which  are  potentially  injurious  are  neck  shear, 
chin-chest  contact  force,  displacement  of  the  odontoid  process  and  spinal  cord  stretch 
They  are  of  higher  magnitude  for  an  anterior  shift  of  the  head  center  of  gravity  in  com- 
parison with  a cephalad  shift  of  the  same  magnitude  (12.7  mm)  This  result  contradicts 
intuition  and  should  be  verified  experimentally. 
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Table  1 - Summary  of  Peak  Values  For  Anterior  Shift  of  C.  C. 


Case  No. 

Symbol 

Parameter 

Disc.  Shear  (3CI/C2  (N) 
Facet  Shear  ^CI/CZ  (N) 
Chin-Chest  Force  (n) 

Head  Vert . Accel  (g) 

Head  Horlz  Accel  (g) 
Head  Ang . Accel  (Rad/s-) 
Head  Horlz.  Dlsp  1mm) 
Head  Vert  Dlsp  (mm) 
Odontoid  Dlsp  (ran) 

Cord  Stretch  (mm) 

Head  Rot  (deg) 

(with  respect  to  Tl) 


TOCETHER 

W/0  Helmet  W/He Imet 


2 

Z THEN  X 

W/0  Helmet  W/Hclmet 


X THEN  Z 

W/0  Helmet  W/Hclmet 


399 
361 
2733 
44.5 
45  8 
5267 
201 
172 
2 9 


868 

814 

3534 

58 

37 

3922 

208 

191 

6. 


358 
357 
3533 
57.4 
33  5 
5369 
185 
200 
2.6 


409 
424 
3795 
40  6 
33  1 
4745 
190 
192 
3.1 


234 
226 
3315 
56.3 
27.1 
4538 
209 
186 
1.8 


262 

260 

3437 

48.3 

16.3 
3236 

211 
187 
2.0 


Case  No 

Symbol 

Parjuneter 

Disc  Shear  ^Cl/C2  lN) 
Facet  Shear  |C1/C2  tN) 
Chin-Chest  Force  (n) 

Head  Vert  Accel  (g) 

Head  Horlz  Accel  (g) 
Head  Ang  Accel  ( Rad / s ‘ ) 
Head  Horlz  Dlsp  (nxn) 
Head  Vert.  Dlsp  tmm) 
Odontoid  Dlsp  tram! 

Cord  Stretch  (ran) 

Head  Rot  (deg) 

(with  respect  to  Tl) 


36.4  43.3 

29.4 

33.4 

41.0 

40.6 

-77.5  -73.4 

-68  9 

-65.6 

-69.1 

-650 

Summary  of  Peak  Values 

For  Caudal 

Shift  of  C 

G. 

l 

2 

3 

TOGETHER 

Z THEN 

X 

X THEN 

Z 

W/0  Helmet  W/Helmet 

W/0  Helmet 

W/Helmet 

W/0  Helmet 

W/Helmei 

399  854 

358 

527 

234 

249 

361  797 

357 

486 

226 

245 

2733  2881 

3533 

3874 

3315 

3079 

44. 
45 
5267 
201 

172 

1 

36' 

-77. 


51.2 
42.4 

3653 

216 

209 

5.2 

38.2 

-83.6 


57 

33 

5369 

185 

200 

2 

29 


40.2 
40.8 
3905 
202 
171 
3 


-68  9 


8 

28.6 

-74.3 


56.3 

27.1 

4538 

209 

186 

1.8 

41.0 

-69.1 


46.2 
15  7 
3022 
221 
201 
2.3 
39.4 

-77.7 
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VER. 


7 


Fig. 2 Spinal  Kinematics  with  Helmet.  Case  1 Fig. 3 Spinal  Kin 
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